Evidence for a spinon Fermi surface in the triangular S=1 quantum spin
  liquid Ba$_3$NiSb$_2$O$_9$ by Fak, B. et al.
Evidence for a spinon Fermi surface in the triangular S = 1 quantum spin liquid
Ba3NiSb2O9
B. F˚ak,1, ∗ S. Bieri,2, 3, † E. Cane´vet,1, 4, 5 L. Messio,3 C. Payen,6
M. Viaud,6 C. Guillot-Deudon,6 C. Darie,7 J. Ollivier,1 and P. Mendels8
1Institut Laue-Langevin, CS 20156, 38042 Grenoble Cedex 9, France
2Institute for Theoretical Physics, ETH Zu¨rich, 8099 Zu¨rich, Switzerland
3Laboratoire de Physique The´orique de la Matie`re Condense´e, CNRS UMR 7600,
Universite´ Pierre et Marie Curie, Sorbonne Universite´s, 75252 Paris, France
4Laboratory for Neutron Scattering and Imaging,
Paul Scherrer Institut, 5232 Villigen, Switzerland
5Laboratoire de Physique des Solides, Universite´ Paris Sud 11, CNRS UMR 8502, 91405 Orsay, France
6Institut des Mate´riaux Jean Rouxel, CNRS UMR 6502,
Universite´ de Nantes, 44322 Nantes Cedex 3, France
7Institut Ne´el, CNRS, Univ. Grenoble Alpes, Boˆıte Postale 166, 38042 Grenoble Cedex, France
8Laboratoire de Physique des Solides, CNRS, Universite´ Paris-Sud,
Universite´ Paris-Saclay, 91405 Orsay Cedex, France
(Dated: December 22, 2016)
Inelastic neutron scattering is used to study the low-energy magnetic excitations in the spin-1
triangular lattice of the 6H-B phase of Ba3NiSb2O9. We study two powder samples: Ba3NiSb2O9
synthesized under high pressure and Ba2.5Sr0.5NiSb2O9 in which chemical pressure stabilizes the
6H-B structure. The measured excitation spectra show broad gapless and nondispersive continua
at characteristic wave vectors. Our data rules out most theoretical scenarios that have previously
been proposed for this phase, and we find that it is well described by an exotic quantum spin liquid
with three flavors of unpaired fermionic spinons, forming a large spinon Fermi surface.
PACS numbers: 75.10.Jm, 75.10.Kt, 78.70.Nx, 75.40.Gb
Quantum spin liquids (QSLs) are exotic phases of
condensed matter where the ground state evades order-
ing as a consequence of strong quantum fluctuations,
frustration, or topological effects. QSLs are related to
resonating-valence-bond states [1], and they exhibit fas-
cinating properties such as long-range entanglement and
fractional excitations [2–4]. The natures of such ground
states are hotly debated questions, both in candidate ma-
terials [5–9] and in theoretical models [10–12], in partic-
ular concerning the existence of an excitation gap. The-
oretically, a plethora of distinct and interesting possi-
bilities for QSL phases has been classified [13–15]. To
date, spin liquids have mainly been sought for in low-
dimensional spin S = 1/2 systems, where quantum fluc-
tuations are strongest. A pressing topic is therefore the
existence of QSLs and their nature in systems with higher
values of spin [16].
The 6H-B phase of Ba3NiSb2O9 [17] is of particular
interest in this context. The Ni2+ ions form a frustrated
triangular lattice of S = 1 spins. No sign of magnetic
ordering is observed in the magnetic susceptibility down
to T = 2 K [17], in the specific heat down to 0.35 K
[17], or in muon spin rotation (µSR) measurements down
to T = 0.02 K [18], while the Curie-Weiss constant of
θCW = −76 K indicates dominant antiferromagnetic in-
teractions [17]. Strikingly, when T  |θCW|, the com-
pound shows a large linear term in the specific heat,
γ = 168 mJ/mol K2, and a finite magnetic susceptibility
[17]. Such a metallic behavior in this strong Mott insula-
tor suggests the presence of gapless coherent quasiparti-
cles, possibly due to the emergence of a Fermi sea of frac-
tional spinons. Evidence of gapless spin excitations are
also found in recent NMR and µSR measurements [18].
Several scenarios have been discussed so far to explain
the intriguing properties of Ba3NiSb2O9. The S = 1
spin of the Ni2+ ions can be fractionalized into three
[19] or four [20] fermionic spinons, resulting in rather
different, but plausible QSL states: A chiral Z2 QSL with
spinon Fermi surface [21, 22] or a time-reversal symmetric
Z4 QSL with quadratic spinon bands touching [20] have
been proposed. Nematic three-dimensional spin liquids
resulting from a bosonic fractionalization of spin have
also been put forth [23]. Other proposals include the
proximity to a quantum critical point as a consequence
of fine-tuned inter- and intralayer exchanges, without the
formation of a spin-liquid ground state [24].
In this paper, we study powder samples of the 6H-B
structure of Ba3NiSb2O9 using inelastic neutron scatter-
ing (INS) in order to bring clarity to these theoretical
proposals. Broad gapless and nondispersive spin excita-
tion continua are observed at three characteristic wave
vectors. Strikingly, our wave-vector resolved data rule
out most of the previous proposals for the magnetic low-
temperature phase. We find that the INS data is well de-
scribed by a U(1) quantum spin liquid with three flavors
of spinons, forming a large spinon Fermi surface. This
exotic spin S = 1 QSL state preserves full spin-rotation
and time-reversal symmetry, as well as all symmetries of
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2the triangular lattice.
The 6H-B phase of Ba3NiSb2O9 reported in Ref. [17]
crystallizes in the P63mc space group with two Ni
2+ ions
at the 2b Wyckoff site, which form triangular layers of
S = 1 spins with quenched orbital moments, stacked such
that a Ni2+ ion in one layer sits above the center of the
triangle formed by Ni2+ ions in the layer below. These
layers are separated by nonmagnetic Sb layers, and ap-
pear well decoupled. We synthesized under pressure a
0.7 g powder sample of this 6H-B phase of Ba3NiSb2O9,
as described in Ref. [25]. However, such a small quantity
is hardly sufficient for detailed INS studies. We therefore
made a larger 6.1 g powder sample of Ba2.5Sr0.5NiSb2O9,
where chemical pressure via partial Ba/Sr substitution
stabilizes the 6H-B structure [26]. Rietveld analyses of
x-ray diffraction data from this Ba2.5Sr0.5NiSb2O9 sam-
ple collected at room temperature were performed using
the published P63mc or P63/mmc crystal structures of
6H-B Ba3NiSb2O9 as a starting model [25]. As in pure
6H-B Ba3NiSb2O9, the best refinement was obtained for
the P63/mmc model [26]. The related structural ques-
tions, discussed in Ref. [25], concern essentially the stack-
ing of the triangular layers, and are of little importance
for the two-dimensional magnetic properties dealt with
in the present work.
Our magnetic susceptibillity measurements of
Ba2.5Sr0.5NiSb2O9 show an absence of magnetic order
down to T = 2 K and a Curie-Weiss temperature of
θCW = −80 K [26], in close agreement with earlier mea-
surements on 6H-B Ba3NiSb2O9 [17]. This suggests that
the partial replacement of Ba with Sr does not change
the magnetic properties of the compound. Assuming
nearest-neighbor (NN) Heisenberg interactions, the
Curie-Weiss temperature implies an antiferromagnetic
NN exchange of J1 ∼ 20 K with the convention of
counting each bond once.
The powder samples were put in an annular cylin-
der made from Cu or Al (depending on the temperature
range) and thermalized by helium exchange gas. INS
measurements were performed on the time-of-flight spec-
trometer IN5 at the Institut Laue-Langevin, using neu-
trons with several incident energies Ei between 1.13 and
20.4 meV at temperatures between 0.05 and 150 K us-
ing a dilution refrigerator or an orange cryostat. The
energy resolution for elastic scattering follows approx-
imately ∆E = 0.02 × (Ei)1.3 meV. Standard data re-
duction [27] including absorption corrections gave the
neutron scattering function S(Q,E), which is related
to the imaginary part of the dynamic susceptibility via
χ′′(Q,E) = [1− exp(−E/kBT )]S(Q,E) shown in Fig. 1.
The data in this figure are not corrected for the mag-
netic form factor, and clearly illustrate that scattering
from phonons is negligible in the energy and wave-vector
range relevant for this work. Our neutron scattering data
also show the absence of long-range magnetic order down
to T = 0.05 K in Ba2.5Sr0.5NiSb2O9 and down to at least
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FIG. 1. Dynamic susceptibility χ′′(Q,E) on a linear inten-
sity scale as a function of wave vector Q and energy E at
T ≈ 1.6 K. (a) Ba2.5Sr0.5NiSb2O9 with an incoming neu-
tron energy of Ei = 3.55 meV and (b) with Ei = 8.0 meV.
(c) Ba3NiSb2O9 with Ei = 3.27 meV (the weak feature at
1 meV is an experimental artifact). (d) Calculated powder-
averaged χ′′(Q,E) of the U(1) Fermi surface state (A) at 1/3
spinon filling (see text).
T = 1.5 K in Ba3NiSb2O9.
The excitation spectrum shown in Fig. 1 is character-
istic for a spin liquid, with vertical rods of broad scat-
tering coming out at discrete wave vectors. The energy
range of these excitations extends out to about 7.5 meV,
which can be seen from both the Q and the temperature
dependence of S(Q,E) [see Fig. 2(a)]. The intensity ex-
tends down to energies below 0.04 meV [see Fig. 2(b)],
i.e., they are gapless within the resolution of the present
experiment. This is consistent with the large linear term
in the specific heat [17] and the absence of a gap in
NMR measurements of the spin-lattice relaxation rate
1/T1 [18]. Figure 2(c) shows the intrinsic energy depen-
dence of the magnetic scattering χ′′(Q,E) (i.e., without
Bose factor) at Q = 0.8 ± 0.1 A˚−1 for different tem-
peratures. The characteristic energy [peak position of
χ′′(Q,E)] increases and the intensity decreases with in-
creasing temperature.
The wave-vector dependence of the scattering after
integration over a finite energy interval is shown in
Fig. 3(a). At low temperatures, the spin-liquid scatter-
ing peaks at wave vectors Q1 = 0.83 and Q2 = 1.92 A˚
−1,
with a third broad peak at Q3 = 2.8 A˚
−1. The data taken
with a higher incoming energy is slightly broader due to a
wider range for the energy integration. The correlations
in Q persist up to at least T = 50 K (not shown), which
confirms the low-dimensional (here, two-dimensional) na-
3(a)
3 5 7 9
Energy (meV)
0
10
20
30
40
50
S(
Q,
E)
  (
ar
b.
 u
nit
s)
T = 1.7 K
T = 15 K
T = 50 K
T = 150 K
(b)
 -0.1  0.0  0.1  0.2  0.3  0.4
Energy (meV)
0
50
100
150
200
250
300
S(
Q,
E)
  (
ar
b.
 u
nit
s)
Q = [0.7,0.9]
Q = [0.3,0.5]
(c)
1 2 3 4 5 6
Energy  (meV)
0
100
200
r
"(Q
,E
)  
(a
rb
. u
nit
s)
T = 1.7 K
T = 15 K
T = 50 K
T = 150 K
1 2 3 4 5 60
1
2
Energy  (meV)
χ’
’(Q
,E
)   
(ar
b. 
un
its
)
(d)
FIG. 2. (a)–(c) Energy dependence of the INS data from
Ba2.5Sr0.5NiSb2O9. Panel (a) shows the temperature de-
pendence of the dynamic structure factor S(Q,E) at wave
vectors Q = 1.9 ± 0.1 A˚−1 (magnetic signal, symbols) and
Q = 3.7 ± 0.1 A˚−1 (mostly nonmagnetic signal, lines) mea-
sured with an incoming neutron energy of Ei = 14.2 meV. The
excitations extends out to an energy of about 7.5 meV. Panel
(b) shows S(Q,E) at Q = 0.8 ± 0.1 A˚−1 (magnetic signal,
solid blue circles) and Q = 0.4 ± 0.1 A˚−1 (mostly nonmag-
netic signal, open black circles) for T = 0.1 K measured with
Ei = 1.13 meV. The excitations are gapless within the experi-
mental energy resolution (the dashed lines indicate the exten-
sion of the elastic peak). Panel (c) shows the imaginary part
of the dynamic susceptibility χ′′(Q,E) at Q = 0.8± 0.1 A˚−1
for different temperatures obtained by combining data ob-
tained with Ei = 3.55 and 14.2 meV. The lines are guides to
the eye. (d) Theoretical susceptibility at Q ' 0.8 A˚−1for the
U(1) Fermi surface state at T = 0.
ture of the magnetic scattering. At even higher temper-
atures, T = 150 K, the correlations have almost com-
pletely disappeared [red open circles in Fig. 3(a)]. The
height of the second peak in S(Q) at Q2 = 1.92 A˚
−1 is re-
duced with respect to the first one, even after correction
for the magnetic form factor of the Ni2+ ions [see black
line in Fig. 3(a)]. Attempts to fit the observed struc-
ture of S(Q) using broadened Bragg peaks are found to
fail. As we will discuss below, the peaks in S(Q) can be
attributed to extended regions of reciprocal space, i.e.,
strong intensity rings close to the boundary of the two-
dimensional Brillouin zone (BZ).
INS measurements were also performed on the pres-
sure synthesized Ba3NiSb2O9 powder sample. Despite
the usage of a high-flux low-resolution configuration with
an incoming energy of Ei = 3.27 meV, the limited sam-
ple quantity led to a strongly reduced statistical qual-
ity of the data. Within the precision of these mea-
surements, no major differences were observed compared
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FIG. 3. (a) Q dependence of S(Q,E) of Ba2.5Sr0.5NiSb2O9
at T = 1.5 K integrated over the energy range 0.3–1.5 meV
at Ei = 3.55 meV (solid black circles) and 2–4 meV at Ei =
14.2 meV (open blue squares) showing peaks at Q = 0.83 and
1.92 A˚−1. The black line shows the T = 1.5 K data taken at
Ei = 3.55 meV and corrected for the magnetic form factor.
The open red circles show data taken with Ei = 3.55 meV at
T = 150 K, where most of the correlations have disappeared.
(b) Calculated static structure factor S(Q) for the U(1) Fermi
surface state (A) at T = 0.
to the Ba2.5Sr0.5NiSb2O9 sample [see Fig. 1(c)], which
makes us confident that the experimental data on the
latter are representative of the triangular 6H-B lattice of
Ba3NiSb2O9.
To make further progress, we calculate the static and
dynamical spin structure factors for a large number of
pertinent gapless quantum spin liquid states for spin
S = 1 on the triangular lattice. For this, we use frac-
tionalization of spin into three [19] and four [20] flavors
of fermionic spinons. We primarily perform these calcu-
lations at the mean-field level, i.e., in the unconstrained
Hilbert space, but we have checked that Gutzwiller pro-
jection only weakly renormalizes the static susceptibil-
ities and spinon spectra in the relevant cases. More
specifically, we investigate three classes of QSLs: (A) the
U(1) state with three spinons forming a large Fermi sea
discussed in [22], (B) the Z4 QSL with quadratic band
touching (QBT) of four spinons proposed in Ref. [20],
and (C) a generalization of the recently constructed Dirac
spin liquid for triangular spin S = 1/2 systems [15, 28–
30] to spin S = 1 and three spinons, resulting in a state
with small spinon Fermi pockets. Other theoretical pro-
posals for this material are either inconsistent with the
gapless and diffuse nature of the measured spin struc-
ture factor, and/or are ruled out by the indication of un-
broken spin rotation symmetry in recent NMR and µSR
measurements [18].
The QSL scenarios (A)–(C) have a set of natural pa-
rameters that can be related to microscopic spin models.
For the Fermi-surface states (A) and (C), we adjust the
relative fillings of the three spinons, due to a potential
single-ion anisotropy term D [21, 22]. In the QBT state
(B), we add a second-neighbor mean field, related to in-
teraction on that bond.
4Among the considered families of states, we find only
(A) to be consistent with the INS data. The QSL fam-
ilies (B) and (C) show intensity maxima and minima in
their powder-averaged structure factors that are inconsis-
tent with experiment [26]. For state (A), the agreement
is best when all spinons have approximately equal fill-
ing of 1/3, indicating the absence of a sizable D term
and unbroken spin-rotation symmetry in the material.
The calculated powder-averaged spin structure factor is
shown in Fig. 1(d). It exhibits broad spinon continua at
three wave vectors, extending down to zero energy, con-
sistent with the INS data displayed in the other panels.
In Fig. 2(d), we plot an energy cut of the calculated inten-
sity, integrated over the maximum at Q = 0.8± 0.1. The
strong low-energy weight and “belly shape” of this curve
are consistent with experiment. However, the intensity is
skewed towards high energy, probably due to unphysical
components in the mean-field wave function. This may
be corrected by invoking Gutzwiller projection removing
spinon double occupancies [31–33], or by incorporating
gauge fluctuations that mediate spinon interaction [34].
Such calculations are beyond the scope of this work [35].
We also calculate the bandwidth of Gutzwiller-
projected two-spinon excitations in state (A) [36–38]. As-
suming a short-range spin model, we estimated W ' 4J ,
where J is the microscopic exchange energy. Using the
bandwidth measured in INS, we conclude that J ' 22 K,
in surprisingly good agreement with the observed Curie-
Weiss temperature. This energy scale is used in Figs. 1(d)
and 2(d). For non-interacting spinons, the corresponding
hopping amplitude is t ' 16 K, leading to a large linear
term in the specific heat of γ ' 0.18pi2/t ' 0.11 K−1 at
1/3 filling of spinons. Furthermore, the Wilson ratio is
RW = 8/3 ' 2.7. These values deviate from the experi-
mental ones (γexp = 0.02 K−1, RexpW = 5.6 [17]), which, to
some extent, is due to the neglect of spinon interactions
in our crude estimates.
The energy-integrated (static) spin structure factor of
state (A) is shown in Fig. 3(b), along with the corre-
sponding experimental data in the left panel. The verti-
cal red lines indicate the positions of the measured INS
maxima. In Fig. 4, we show the low-energy dynamical
spin susceptibility of state (A) in two-dimensional mo-
mentum space of the triangular lattice. The BZ bound-
aries are shown as black hexagons. The continua at the
Γ points come from q ∼ 0 two-spinon excitations, while
the broad intensities close to the BZ boundary are due to
the q ∼ 2kF excitations of the large spinon Fermi surface.
The red circles indicate the Q momenta of the experimen-
tal intensity rods seen in INS. The powder average of the
intensity in Fig. 4, assuming negligible dispersion in the
third direction, is shown in Fig. 1(d). This averaging [26]
has two crucial effects: First, the broad intensity max-
ima are slightly shifted to larger Q, such that the 2kF
features in Fig. 4 accurately reproduce the locations of
the INS maxima. Second, the q ∼ 0 intensities close to
FIG. 4. Dynamical susceptibility χ′′(q, E), energy integrated
from 0 to 5% of the spinon bandwidth, in the U(1) Fermi
surface state (A) at 1/3 spinon filling. The black hexagons
are the BZ boundaries, and the radii of the red circles centered
at Γ correspond to the three broad intensity maxima seen in
the INS data.
Γ are washed out and absorbed in a broad background.
The microscopic origin of QSL (A) is not fully under-
stood. The state is known to have a low (but not lowest)
variational energy [21, 22] in a nearest-neighbor Heisen-
berg model with strong biquadratic interaction [39–41].
A three-site ring exchange term can further stabilize it,
but then a triplet pairing sets in, resulting in a chiral Z2
QSL phase [21, 22]. Another approach [42] found that a
four-site ring exchange term can stabilize phase (A). We
hope our results will stimulate further theoretical work
on microscopic mechanisms.
In conclusion, we used inelastic neutron scattering to
investigate the magnetic excitation spectrum of powder
samples of the 6H-B phase of Ba3NiSb2O9. Broad gap-
less and nondispersive excitation continua are observed
at characteristic wave vectors. Comparing with sev-
eral plausible theoretical models, we find that the low-
temperature phase realized in this spin S = 1 Mott
insulator is best described by a state of three flavors
of unpaired fermionic spinons, and the observed spec-
trum is consistent with the 2kF continua of a large two-
dimensional spinon Fermi surface.
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To supplement the main text of the paper, we provide here additional information on
the synthesis of the powder sample of Ba2.5Sr0.5NiSb2O9 and its characterization by X-ray
diffraction and bulk magnetization. We also provide theoretical results concerning (i) the
spin structure factors for some alternative plausible spin-1 QSL states; (ii) spinon mean-field
spectrum for QSL state (A) of the main text; (iii) effects of Gutzwiller projection on the
static spin susceptibility of state (A); (iv) the formula used to calculate powder averages;
and (v) energies of Gutzwiller-projected two-spinon excitations in the U(1) QSL (A) with
large Fermi surface.
2A. Synthesis and characterization of Ba2.5Sr0.5NiSb2O9
1. Synthesis
A 7-g powder sample of Ba2.5Sr0.5NiSb2O9 was prepared by heating a stoichiometric pelletized
mixture of high-purity barium carbonate (BaCO3), strontium carbonate (SrCO3), antimony(V)
oxide (Sb2O5), and nickel oxide (NiO) at 1200–1350
◦C for several days in air with several interme-
diate grindings. The sample was furnace cooled at the end of the final heat treatment.
2. X-ray powder diffraction
An X-ray diffraction (XRD) pattern was collected at room temperature on a Bruker D8 Advance
instrument using monochromatic CuK−L3 (λ = 1.540598 A˚) X-rays and a LynxEye detector.
Rietveld analyses of the XRD data were performed using JANA 2006.1 The XRD pattern showed
very narrow diffraction peaks and no sign of unreacted starting materials. Table I shows the refined
structural parameters and final agreement factors obtained using the published P63/mmc crystal
structure of the 6H-B phase of Ba3NiSb2O9 [2] as a starting model. The composition of the sample
was constrained to be Ba2.5Sr0.5NiSb2O9. The Sr atoms were equally distributed over the two
Ba sites. The displacement parameters of the two crystallographically distinct oxygen atoms were
constrained to be equal. The atomic coordinates listed in Table I are in good agreement with those
TABLE I. Refined structural parameters and final agreement factors for Ba2.5Sr0.5NiSb2O9 derived from
X-ray diffraction data collected at T = 300 K. Space Group P63/mmc (No. 194): a = 5.7728(2) A˚,
c = 14.2430(3) A˚, χ2 = 1.27, Rp = 10.75, Rwp = 16.37.
Atom Site x y z Uiso (A˚
2) Occupancy
Ba1/Sr1 2b 0 0 0.25 0.007(1) Ba: 0.83
Sr: 0.17
Ba2/Sr2 4f 1/3 2/3 0.1000(2) 0.013(1) Ba: 0.83
Sr: 0.17
Sb1 2a 0 0 0 0.003(1) 1
Sb2/Ni1 4f 1/3 2/3 0.6570(2) 0.006(1) Ni: 0.50
Sb: 0.50
O1 6h 0.508(2) 0.016(4) 0.25 0.013(3) 1
O2 12k 0.165(2) 0.330(4) 0.5800(9) 0.013(3) 1
3determined for the 6H-B phase of Ba3NiSb2O9.
2 The refined lattice parameters, a = 5.7728(2) and
c = 14.2430(3) A˚, were found to be slightly smaller than those observed for the 6H-B phases of
Ba3NiSb2O9.
2,3 Figure 1 shows the corresponding final Rietveld plot.
Based on the results reported in Ref. 2, the refinement shown in Table I and Fig. 1 corresponds
to an averaged structure made of two types of domains with different stacking sequences of the Ni
and Sb atoms on the 4f site that form the face-sharing NiSbO9 bi-octahedra; Sb-Sb=Ni-Sb and
Sb-Ni=Sb-Ni along the c axis, where the “=” represents face-sharing. From XRD, the two stacking
sequences appear as equiprobable and are randomly distributed along the stacking axis (c axis).
On a local scale, each domain consists of extended regions of Ni atoms forming triangular layers.
This conclusion is reinforced by the magnetic susceptibility measurements discussed next.
FIG. 1. Observed and calculated X-ray powder diffraction pattern of the Ba2.5Sr0.5NiSb2O9 sample used
for the inelastic neutron scattering experiments. The vertical ticks indicate the positions of the Bragg
reflections. The lower curve shows the difference between the observed and calculated data on the same
scale.
43. Bulk magnetic susceptibility
A commercial SQUID magnetometer (Quantum Design, MPMS-XL7) was used to collect DC
magnetization data from T = 2 to 300 K in an applied field of µ0H = 0.5 T. Data were corrected for
the diamagnetism of the sample holder as well as for core diamagnetism using Pascal’s constants.4
Figure 2 shows the temperature dependent magnetic susceptibility. Data obtained for our sample
of pure 6H-B Ba3NiSb2O9 is also shown for the sake of comparison. Both samples show a Curie-like
tail at low-temperature which correspond to about 2% of S = 1 orphan spins.
FIG. 2. Magnetic susceptibility χ versus temperature for our polycrystalline samples of Ba2.5Sr0.5NiSb2O9
and 6H-B Ba3NiSb2O9.
5B. Spin structure factors for alternative spin-1 QSL states
In this section, we present the static and dynamic spin susceptibilities of some pertinent quantum
spin liquid states of fractionalized spin S = 1. In all dynamical quantities presented here, we
use sharp spinons (lifetime broadening Γ . 1% of the spinon bandwidth) for simplicity. The
temperature is set to zero.
In Fig. 3, we present properties of state (A) discussed in the main text, i.e., three flavors of
spinons hopping on the triangular lattice, forming a large Fermi surface at 1/3 filling.5,6 In the
left panel, we show the powder-averaged static structure factor S(Q) in black, and the low-energy
intensities S(Q,ω) in blue. The dynamical quantities are energy-integrated from 0 to 5% of the
spinon bandwidth, from 5% to 10%, etc. The lowest blue curve is the lowest energy, etc. These
curves may be compared with Fig. 1(d) of the main text. (Note that a stronger lifetime broadening
is used in the main text, washing out the intensity at small Q.)
In Fig. 4, we show case (C) of the main text,7–10 i.e., the “Dirac QSL” at filling 1/3, where
spin-rotation symmetry is unbroken and the spinons form Fermi pockets. This structure with small
circular kF features can be well appreciated in the low-energy intensity shown in the middle panel.
From the powder-averaged structure factor in the left panel, it is evident that the inelastic intensity
is inconsistent with such a QSL state.
In Fig. 5, we show the same state as above, but at filling 1/2, where two of the three spinons have
their chemical potentials at the Dirac points of the spectrum while the third spinon is unoccupied.
(In contrast to the previous case, this may now be literally called a “Dirac QSL”. It is related to
the spin S = 1/2 Dirac QSL discussed in Refs. 7–11.) Again, the presence of gapless Dirac points
at the Fermi energy in the spinon spectrum is well visible in the low-energy intensity shown in
the middle panel. This state breaks spin rotation symmetry, and the measured inelastic intensity
spectra are inconsistent, as best seen from the left panel.
In Fig. 6, we display the structure factors for a spin fractionalization with four spinons, forming
a Z4 state with quadratic bands touching at the Fermi level [case (B) discussed in the main text].12
One can see that the intensity in the powder-averaged structure factor at low energy is inconsistent
with inelastic intensity data. Here, we show only the case of a first-neighbor spinon mean field,
but the conclusion is the same when a second-neighbor parameter is introduced.
Note that the powder-averaged static spin structure factors (black curves in the left panels of
Figs. 3 – 6) are rather similar for all states we display here. This is due to the fast decaying
(algebraically) spin-spin correlations in all these liquids, leading to very broad intensity maxima in
6S(q) at the corners of the Brillouin zone (i.e., at the K points). Hence, this comparison with the
data does not allow an unambiguous identification. The states, however, show clearly distinctive
features in their low-energy intensities, allowing for a unique identification of the best candidate
wave function from the inelastic intensity data.
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FIG. 3. U(1) QSL state with large spinon Fermi surface at filling 1/3; case (A) in the main text. Left:
Powder-averaged static (black) and low-energy (blue) spin susceptibility. Red lines are locations of experi-
mental peaks. Middle: Low-energy intensity, S(q, ω) integrated from ω = 0 to 5% of the spinon bandwidth;
Right: Static structure factor S(q). The circles are experimental peak locations. All quantities are calculated
at zero temperature in the mean-field wave function.
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FIG. 4. U(1) QSL state with spinon Fermi pockets; case (C) at filling 1/3. Quantities shown as in Fig. 3.
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FIG. 5. U(1) QSL state with Dirac spectrum; case (C) at filling 1/2. Quantities shown as in Fig. 3.
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FIG. 6. Z4 QSL quadratic spinon band touching; case (B) in the main text. Quantities shown as in Fig. 3.
Second-neighbor mean field ∆2 = 0.
8C. Spinon mean-field spectrum
In Fig. 7, we show the mean field spectrum for QSL (A) at filling 1/3.5,6 The first Brillouin zone
(BZ) is shown in blue. The red dashed line is the large spinon Fermi surface. The states below the
Fermi energy (F = 0) are occupied, while those above are empty in the ground state. One can see
that the Fermi surface is almost circular, leading to circular 2kF features in Fig. 3 (middle panel).
It is interesting to note that kF ' 0.65pi/a, which is about 49% of the distance ΓK. This leads to
almost commensurate 2kF features at the K points in Fig. 3.
FIG. 7. Spinon mean field spectrum for QSL state (A) at filling 1/3. The spinon Fermi surface is the red
dashed line, the first Brillouin zone is shown in blue.
9D. Gutzwiller projected spin structure factor
In Fig. 8, we illustrate the effect of Gutzwiller projection on the static spin structure factor S(q)
for state (A) of the main text. The Gutzwiller projection is done on a square cluster of 18 × 18
sites. Comparing the middle panel (mean field) and the right panel (projected), we see that the
broad peaks at the K points of the BZ are sharpened by the Gutzwiller projection. However, the
overall properties of the structure factor remain intact. This is reflected in the left panel, where
we show the corresponding powder averages: The peak locations are unchanged by projection, but
the width becomes slightly smaller. Also, the peaks at larger wave vector Q are slightly reduced
in intensity with respect to the first peak. It is plausible that Gutzwiller projection changes the
power law13 of the spin-spin correlation in real space of this algebraic spin liquid, similar to the
situation in one dimension. However, due to limited system size, we have refrained from a detailed
analysis of long-distance properties here.
Calculating the effect of projection on the dynamical properties of spectral functions in frac-
tionalized quantum spin liquids is beyond the scope of this work. See the following references for
recent progress.14–18 However, sharp features in the spectral function, e.g., due to 2kF excitations,
are expected to survive projection.
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FIG. 8. Effect of Gutzwiller projection on the static spin structure factor of U(1) state with large Fermi
surface at 1/3 filling [case (A) in the main text]. Left: Powder-averaged structure factors. Middle: S(q)
before projection (mean field). Right: S(q) after projection, 18× 18 sites.
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E. Powder average
Here, we denote the three-dimensional momentum by Q = (qx, qy, qz), where q = (qx, qy) lies in
the two-dimensional layers of the sample, and qz is normal to the layers. The intensity measured in
inelastic neutron scattering on a poly-crystallin sample is proportional to the powder-averaged spin
structure factor S(Q,ω). It is given by the structure factor of the three-dimensional single-crystal
sample, S(Q, ω), averaged over all momentum directions, keeping its norm fixed at |Q| = Q. This
can be written as
S(Q,ω) =
∫
S(Q, ω) sin θ dθ dϕ , (1)
where Q = (sin θ cosϕ, sin θ sinϕ, cos θ)Q.
Next, we assume that the sample is two dimensional, i.e., the dependency of S(Q, ω) on qz can
be neglected. In this case, we have S(Q, ω) = S(q, ω), and the powder average is
S(Q,ω) =
∫
S(q, ω) sin θ dθ dϕ , (2)
with q = (sin θ cosϕ, sin θ sinϕ)Q, and S(q, ω) is the structure factor of a the two-dimensional
state. Substituting q = Q sin θ in the integral, we obtain
S(Q,ω) =
∫ Q
0
S(q, ω)
q dq dϕ
Q
√
Q2 − q2 , (3)
with q = (cosϕ, sinϕ)q. This formula is used in this Supplemental Material and in the main part
of this paper to calculate the powder average of the two-dimensional structure factor.
The powder average, Eq. (3), has the following mathematical properties. If the two-dimensional
structure factor exhibits sharp (delta-)peaks at certain q locations (e.g., due to magnon excitations
and long-range order), these peaks remain at the same locations in the average, Qmax = |qmax|,
but the intensity is slightly smeared to larger Q, see, e.g., Ref. [19]. On the other hand, in the
case of very broad intensities in S(q, ω) as encountered in quantum spin liquid phases, the powder
average (3) can shift the maxima to larger Q, Qmax & |qmax|. This is what happens, e.g., in the
U(1) Fermi surface QSL in Fig. 3.
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FIG. 9. Excitation energies of (Gutzwiller) projected two-spinon excitations in the Hamiltonians H(1) =∑
〈i,j〉 Si ·Sj (left panel) and H(2) =
∑
〈i,j〉 Pij (right panel). The system sizes are N = 6×6, 12×12, 18×18,
and 24× 24 sites. See text for the meaning of excitations “ex-0” through “ex-3”.
F. Two-spinon excitations
In Fig. 9, we show the energies of two-spinon excitations of the U(1) Fermi-surface QSL with
a large spinon Fermi surface, state (A) in the main text, at 1/3 spinon filling. We consider four
types of two-spinon “particle-hole” excitations:
• ex-0: Spinon just below the Fermi surface to just above it.
• ex-1: Spinon just below the Fermi surface to the top of the band.
• ex-2: Spinon from the bottom of the band to just above the Fermi surface.
• ex-3: Spinon from the bottom of the band to the top of the band.
These mean-field excitations are then Gutzwiller-projected to nj = 1 in order to obtain a genuine
quantum spin S = 1 wave function.
In the left panel of Fig. 9, the energies of these excitations are calculated in a first-neighbor
spin S = 1 Heisenberg model,
H(1) =
∑
〈i,j〉
Si · Sj . (4)
In the right panel, the energies are calculated for the model
H(2) =
∑
〈i,j〉
Pij , (5)
12
where Pij is the exchange operator of sites i and j. In terms of spin-1 operators, we have Pij =
Si · Sj + (Si · Sj)2 − 1. These energies are calculated on N -site triangular-lattice clusters for
various system sizes N . The corresponding variational ground state energies (Gutzwiller projected
Fermi sea) are also calculated and subtracted from the excitation energies. In Fig. 9, these energy
differences are shown for various system sizes, and we also display linear interpolations in N−1.
As the number of sites N goes to infinity, the two-particle excitation energies are expected to
collapse to the ground state, and this can indeed be observed from the interpolations in Fig. 9.
The excitation energies per site, however, are finite, and they are given by the slope of the 1/N
interpolation. The following can be observed: (i) ex-0 (two-particle excitation close to the Fermi
surface) has essentially the same energy as the ground state, (ii) ex-1 and ex-2 have roughly the
same energy per site, and (iii) the energy of ex-3 (spanning the full spinon band) is about the sum
of the latter two. These observations indicate that a picture of renormalized mean-field energies
for two-spinon excitations is appropriate for the U(1) Fermi surface state (A).
As announced in the main text, we extract an excitation energy per site eex ' 4J from these
calculations (ex-1 or ex-2). We define this as the experimentally detectable spinon bandwidth. The
spectral weight of ex-3 (spinon far below to far above the Fermi surface) is strongly suppressed.
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